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(54) ZINC OXIDE SINGLE CRYSTAL 

(57) An objective of the present Invention is to pro- 
vide a zinc oxide (ZnO) single crystal whose electrocon- 
ductivity is excellent and wtiich has a high quality. 

The invention relates to a zinc oxide single crystal 
whose concenlration of metals otherthan zinc in the crys- 
tal Hjlflfls the following equation: 



Fig. 3 



[-cM]/[-fcM] > 3 



wherein M is a metal otherthan zinc, [-cM] is a concen- 
tration of M in a -c region in the zinc oxide crystal, and 
[-hclVl] is a concentration of M in a +c region in the zinc 
oxide crystal. 
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Description 

FIELD OF THE INVENTION 

5 [0001] The present Invention relates to a zinc oxide (hereinafter "ZnC* which Is a chemical formula of the zrnc oxide 

IS used as a synonymous term) single crystal. More particularly, the invention relates to a zinc oxide (ZnO) single crystal 
which is employed in various fields including blue-purple, ultraviolet light-emitting device (as weil as a substrate thereof), 
surface acoustic wave (SAW), gas sensor, piezoelecUic device, transparent electrocondttctive body, varistor and the 
iike, and which exerts excellent functions, 

10 

BACKGROUND OF THE INVENmON 

[0002] A single ciystal of a zinc oxide (ZnO) Is a semiconductor having a crystalline structure of a hexagonal wurtzfte 
compound and a large forbickJen band widlt^ upon direct transition (Eg: 3.37eV). Since it has an extremely high exdton 
binding energy (2nO: SOnrreV) when compared wfth other semrconductors (GaN: 21 meV, ZnSe: 20meV), it is expected 
to serve as a highly efficient light-emitting device material. While ZnO should be prepared as a p type for realizing a 
light-emitting device utilizing the ZnO, the ZnO tends to become an n type and is difficult naturally to become a p type 
because of a tendency of undergoing an oxygen deficiency or Interstitial zinc defect 

[0003] Currently, a farge number of research institutes are studying the conversion of a ZnO into a p type, which \s 
^ expected, If realized, to result In a revolution m the fields of photoelectronics and energy. Also since its crystaHlne structure 
and lattice constant are similar to those of a GaN which has actually been utilized for several years as a blue light- emitting 
diode (LED) (lattice mismatch: about 2%) and also since it is possible to be produced in future at a low cost, it rs focused 
on also as a GaN film forming substrate for which sapphire or SIC are mainly employed in these days. 
[00041 The growth of a ZnO singie crystal is reported as described below. 
25 [0005] A non -patent reference 1 describes a growth of a ZnO single crystal by a hydrothermal method, and this growth 
method employs a ZnO sintered fomn placed on the bottom of a crystal growth chamber and a ZnO crystal seed placed 
beneath the top of this growth chamber, to which then a solvent as an alkaline aqueous solution (hereinafter referred to 
as alkaline solvent) composed of KOH and LiOH Is filled. In this condition, the growth chamber is operated at an internal 
temperature of 370 to 400''C under a pressure of 700 to 1000 kg/cm^, while maintaining the temperature on the bottom 
5C? of the growth chamber higher by 10 to 1 S^C than the temperature beneath the top, whereby allowing a single crystal of 
ZnO to grow. 

[0006] A ZnO single crystal thus formed has an excess of the Zn atom which is ten and several ppm to twenty and 
several ppm and also has an electroconductlvlty of 1 0" to 1 0"^ l/Q-cm due to a reductlve.atmosphere of the growth when 
using only an alkaline solvent as a growth solution. Accordingly, this zinc oxide single crystal is not suitable for an 

-35 acoustoelectnc effect device because of its too high eiectroconductivity. As a result, hydrogen peroxide (HgOg) is added 
to impart the growth system with an oxygen atmosphere in an attempt to obtain a highly purified ZnO single crystal, 
[0007] However, even In the case of a ZnO single crystai grown in the presence of H2O2 as described above» the 
electroconductlvlty was as low as 1 0"^ to 1 0""'*^ 1/Cl-cm, which is not suitable for an acoustoeiectrlc effect device. As a 
result, the surface of a ZnO single crystal thus obtained is subj ected to a vapor deposition with Zn to establish a Zn 

^0 excess state whereby Improving the electroconductlvlty. 

[0CN)8] Nevertheless, the Improvement of the eiectroconductivity by the Zn vapor deposition described ^ove is ac* 
complished only \x\ the region close to the surface of the ZnO single crystal after the vapor deposition treatment, and 
still involves a problematic unevenness of the electroconductlvlty over the entire single crystaL In addition, such a vapor 
deposition requires a large-scaled apparatus, which is disadvantageous from the economic point of view. 

45 [0009] Aiso in a patent reference 1 , a piezoelectric semiconductor consisting of a ZnO single crystal of about 1 inch 
at maximum obtained by doping the ZnO with a trivalent metal such as Af rs pnDduced, This semiconductor Is obtamed 
by a doping with a trivalent metal at 5 to 120 ppm and purported to have an eiectroconductivity of 10 ^ to 10'^ l/Q-cm. 
The method tor producing a single crystal according to the patent reference 1 is a method comprising providing a ZnO 
sintered fomn raw material in a raw material charge pari: on the bottom of a growth chamber and a ZnO crystal seed in 

50 a crystal growth part beneath the top of the growth chamber, placing an alkaline solvent in the chamber, and allowing 
to the ZnO single crystal to be grown under a hydrothermal condition while adjus^ng the temperature tnside of the 
chamber so that the temperature of the raw matenai charge part becomes higher than the temperature of the crystai 
growth part, wherein H2O2 is mixed m said alkaline solution to form the ZnO single crystal and this single crystal is doped 
with a trivalent metal whereby controlling the electroconductlvlty. In such a method, the doprng with a trivalent metal 

55 serves to improve the eiectroconductivity not only of a region close to the crystal surface but also through the entire 
single crystal of ZnO, whereby improving the uniformity of the eiectroconductivity. 

[0010] However, the mobility (the rate of carrier movement) of the ZnO single crystai described in the patent reference 
1 which is specified to be 30 cm^/V-sec or higher, preferably 60 cm^A/-sec or higher, which Is still insufficient for a 
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semiconductor property and should further be improved. 
[Non-patent reference 1] 

'•Growth kinetics and morphology of liydrol^ermal ZnO single crystal, N,Sal<agami, M.Wada, YOGYOKYOKAISHI, 
5 82[8], 1974. 

[Patent reference 1] 
JP-A-6-90036 

DISCLOSURE OF THE iNVENTION 

10 

[0011] The problems mvoived in the prior art described above include a difficulty in producing a highly pure large-sized 
ZnO single crystal capable of being ampioyed as various materials efficiently- In addition, a zinc oxide single crystal of 
a prior art contains a large amount of impurities, and Its electroconductlvity is not satisfactory for a semiconductor property 
with the uniformity thereof being aiso not sufficient 

15 [00^2] The present inventors made an effort to overcome the problems of the prior art described above and finally 
discovered that a certain condition upon a hydrothemnal process allows the growth of a ZnO single crystaf whose size 
is as surprisingiy large as 2 inch which can not be achieved by any prior art, thus establishing the invention. Also with 
regard to the characteristics of the resultant ZnO single crystal, it Is discovered that the concentration distribution of 
trace metals in the crystal Is specific, and that this specific concentration gradient of the metais allows the crystal to 

20 possess two distinct regions, namely a highly electroconductive region and an optically excellent region, which make 
this crystal extremely useful Industrially. 

[0013] Thus, the invention Is a zinc oxide single crystal whose concentration of metals other than zinc in the crystal 
fulfills the following equation: 

25 

[-cM]/E + cM] ^ 3 



wherein M is a metal other than zinc, [-cM] is a concenti^tion of M in a -c region in the zmc oxide crystal, and [-k;I\^] is 
30 a concentration of M in a h-c region in the zinc oxide crystaL 

[0014] A ZnO single crystal of the invention has an excellently transparent -i-c side which promotes its use in a field 
of optical characteristics, while Jts excellently electroconductive -C side makes it useful in a device sucii as a light-emitting 
dewce (LED) substrate and the tike. It can be applied not only to a bulk device but also a wide range of substrates. 

55 BRIEF DESCRIPTION OF THE INVENTION 

[00151 

Fig. 1 is a schematic view of a structure of a single crystal growth apparatus for growing an inventive ZnO single crystal. 
Fig. 2 is a ZnO single crystal growth region. 

Fig. 3 is a sectional view whan being cut in the direction of a c axis of a ZnO single crystal. 
Rg. 4 shows an irrfrared spectrum characteristics of an inventive ZnO single crystal. 

[0016] in the figures, sign 3 is a crystal seed, sign 11 is a single crystal growth apparatus, sign 12 is an autoclave, 
45 sign 1 3 is a chamber body, sign 1 4 is a lid, sign 1 5 Is a fixation part, sign 1 6 is a heater, sign 1 7 is a packing, sign 20 is 
a growth chamber, sign 21 is a frame, sign 22 is a platinum lead, sign 24 is an internal baffle plate, sign 25 is an external 
baffle piate, sign 26 is a raw material, sign 30 Is a bellows. 

BEST MODE FOR CARRYING OUT THE INVENTION 

60 

[0017] The invention is explained below in detail. 

[0018] The invention relates to a novel ZnO single crystal, a method for producing the same \s not limited particularly. 
Nevertheless, such a production becomes possible practically for the first time by employing a specific raw material 
under a precisely specified hydrottiermai synthesis condition. Preferred (representative) embodiments of such a pro- 
55 duction method are detailed below. 

[Q019] For the purpose of producing an Inventive high quality and high pure ZnO sin^e crystal containing a reduced 
amount of impurities in a highly reproducible manner^ It is required to select only a highly pure raw material containing 
a reduced amount of impurities, to suppress the contamination with the Impurities during the production processes as 
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far as possible, to determine the temperature and pressure conditions empirically which allow the crystals to grow at an 
appropriate rate, and to ensure the design of the reaction growth channber fulfilling such requirements advantageously. 
[0020] First as a raw material for growing a high quality ZnO single crystal, a further highly pure ZnO powder is 
required, and one whose purity is 99.999% or higher is required usually. Such a ZnO powder is employed actually as a 

5 sintered form, which Is in turn employed as a direct raw matenal. The preparation of such a sintered form greatly affects 
the growth of the single cryslaL Ths ZnO for producing a sintered form is preferably provided as a ZnO powder whose 
mean particle size is about 1 micrometer and the ZnO powder is placed in a piatinum mold where it is pressed prior to 
sinterifig. As a resuit, the formation of microcrystals upon growing is suppfBssed and the loss of the raw material due 
to the microcrystal formation can be avoided. 

fo [0021] The sintehng is conducted preferably at a temperature of 1 100*^0 or higher tn an oxidative almosphere for the 
purpose of obtaining a suitably sfow dissolution rate of the ZnO sintered form, A low temperature leads to an excessively 
high dissolution rate of the ZnO sintered fomn, resulting in a reduced quality of the grown crystal. A possible risk of 
transportadon of a remaining ZnO powder to the crystal growth part due to the thermal convection wiilch may lead to 
deposition on crystal seeds should be avoided by any means. Among the resultant sintered bodies, those of 5 to 80 

15 mm(|> (in case of non-spherical shape, diameter of a sphere having an identicaf vofume) are placed appropriately in the 
raw material charge part. While the shape of a ZnO sintered form is not limited particuiarfy, it may be a disc, cube, 
rectangular parallelepiped and the like. In view of the uniformity of the dissolution in a solvent, a sphere is preferable. 
[0022] Also upon growing a crystal, a crystal seed is employed usually. While the shape of such a crystal seed may 
be a quadratic prism, hexagonal prism, cylinder andthe like, it Is preferable to use acrystal seed in the fonn of a hexagonal 

20 prism or hexagonal plate for the purpose of stabiiizmg ail az'imuthal quality of the crystal. The direction to which a crystal 
seed is arranged is notHmited particularly, and is preferably selected such that the angle between the c axis of the crystal 
seed and the oxide solvent convection direction becomes 0 to 1 80° (excluding 0 and 180*), particularly 60*= to 120°. By 
using such a crystal seed thus arranged, a ZnO single crystal is grown eccentrically with regard to the crystal seed, 
whereby allowing a larger single crystal to be obtained, 

-^5 [0023| Fur^ermore, a crystal seed may be one formed by joining the crystal seeds with each other. In such a case, 
the joining is effected with the c axis polarities being In agreement with each other and then a hydrothermal synthesis 
or a gas phase method such as an MOGVD method is conducted to utilize a homoepltaxial effect, whereby allowing the 
dislocation at the junction to be reduced. Also by joining the crystal seeds with each other as described above, a crystal 
seed which is large in the direction of the c axis can be obtained even if the growth is effected selectively in the direction 

30 of the a axis. In such a case, an agreement not only of the c axis polarity but also of the a axis polarity is ensured upon 
joining, and thus it is prefen-ed to join the crystal seeds having an identical shape to each other. 
[0024] When joining the crystal seeds with each other, the joining surface Is preferably polished into a smoothness at 
a mirror suri'ace level, A polishing Into a smoothness at an atomic level Is further preferred. While the polishing method 
is not limited particularly, it may employ an EEM processing (Elastic Emission Manching). While the abrasive employed 

35 here is not limited particulariy, it may for example be SlOg, AlgOg, Zr02 and the like with a colloidal silica bemg preferred. 
[0025] Whife a ZnO single crystal is a hexagonal system crystal, ite axial growth rate carr be controlled by adjusting 
the growth condition. The growth in the c axis direction can be promoted by allowing potassEum (K) to coexist during the 
growth. For this purpose, the KOH described above can be used as a dissolution fluid or a mlneralizer. The growth in 
the a axis direction can be promoted preferably by allowing lithium (Li) to coexist. For this purpose, LiOH can be used 

^ as a dissolution fluid or a mineraHzer as described above. 

[0026] In such a case, upon the crystal growth, an alkaline solvent comprising KOH m an amount of 1 to 6 mol/l and 
LiOH in an amount of 1 to 3 mol/i is usually allowed to coexist with a ZnO raw material Examples of preferred concen- 
trations of KOH and LiOH are 3 mol/l and 1 mol/l, respectively. With regard to the behavior in response to variation in 
the alkaline concentration, a reduced LIOH concentration leads to a enhanced growth rate in the direction of the c axis, 

45 allowing needles to be formed frequently. It is considered that a large amount of impurities such as iron Is introduced 
into the crystal because of an Insufficient prevention of the erosion of the Inner wall of the growth chamber caused by 
an Increased concentration of the alkaline solvent If necessary, H2O2 can be present usually at a ievel of about 0.01 to 
0.5 moles per 1 liter of an alkaline solvent for the purpose of achieving a high purity of the resultant ZnO single crystal. 
[0027] Next, a material for the ZnO sintered form, solvent and the like, are charged into a growth chamber made of a 

^ highly heat resistant and highly anthcorrosive material, where a crystal growth is effected. Among the highly heat resistant 
and highly anti-corrosh/e materials, platinum (Pt) is preferred since rt has a high strength, and satisfactory stretching 
and welding performances. A preferred embodiment of this growth chamber Is, firstly, one whose Inside is coated or 
metailized with platinum (Pt). Secondly, a structure having a zone of a crystal growth region surrounded by a platinum 
(Pt) liner inside of the chamber is exemplified. Thirdly, another example is a structure in which a baffle plate placed 

55 horizontally in the chamber serves to partition the chamber into a raw material charge region in which a ZnO sintered 
form Is charged and a crystal growth region contaJning a wire and the like for arranging a ZnO crystal seed. 
[0028] It is preferable that such a baffle plate, wire and the like are made of platinum (Pt) or covered with platinum 
(Pt) in any part: in the growth chamber and. Fourthly, a structure in which a crystal consisting of a relatively small-sized 
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ZnO single crystal is placed beneath the top of the chamber (in a crystal growth part when using a bafffe) is exennpimed. 
Such a baffle plate preferably has an opening ratio of 5 to 15% (excluding 5%). 

[00291 Also by allowing a raw nnaterial to be present between the raw material charge part and the crystal seed part, 

the rate at which the crystal growth part is brought into a supersaturatlon state can be increased, whereby avoiding 
5 various disadvantageous behaviors upon dissfocatlon of the crystal seed. In such a case, the amount of the raw material 
to be suppiied onto the baffle pfate is preferably 0.3 to 3 times the amount of ZnO dissolved in the crystal growrth part, 
in order to control the supersatu ration degree appropriately, the ratio of the crystal growth part capacity to the raw 
material charge part capacity is kept preferably within 1 to 5 times, 

[00301 A supersaturation degree exceeding 1 .50 leads to a too high rate of the precipitation on the crystai seed, 
fo resulting in a poor integrity inside of the crystal formed with a tendency of Introducing defects. It also gives a large amount 
of the precipitation on the inner wall and the frame of the growrth chamber, and such a precipitation, if becoming larger, 
is brought into contact with a ZnO single crystal which may then lead to prevention of the single crystal growth, and 
accordingly it is preferable that the supersaturation degree is not too high. 

[0031] As used herein, the term ''supersaturation" means a stale where the solute level exceeds the saturation state, 
15 while the term "supersaturation degree" means a ratio of the supersaturated solute (evel to the saturated solute fevei. 
In a hydrothermal synthesis, the ratio of the ZnO solute level in the crystal growth part in a supersaturation state as a 
result of the transportation of ZnO from the starting material charge part via a themial convection and the ZnO solute 
level in a saturation state in the crystal grovirth part is applicable. 

20 

Supersaturation degree = (supersaturated solute level in 
crystal growth part/saturated solute level in crystal growth 

25 

part) 



[0032] The supersaturation degree discussed here can be controlled by adjusting and setting the ZnO raw material 
30 density, ratio of baffle plate opening, difference in the temperature between the raw material charge part and the crystal 
growth part and the like. 

[0033] In the growth chamber, a precipitation collection net may be provided above the crystal seed position, i.e., near 
the convergent point of the solvent convection. Such a precipitation collection net serves as described below. Thus, 
while the solvent convection, i.e. the solute transporting flow goes into a lower temperature region as it goes upward In 

35 the growth chamber, the solute in such a low temperature supersaturation state may undergo the precipitation not only 
on the crystal seed but problematically also on the nc^le metal lead holding from which the crystal seed is hanging, on 
the frame fixing this noble meta! lead, and also on the inner wall of the growth chamber. Under such a circumstance. If 
the precipitation collection net is provided near the convergent point of the convection and the solute which missed 
precipitating on the crystal seed Is inveri:ed downward by the ceiling of the chamber, the microcrystals and the precipitates 

40 In the transportation flow can be collected while forcing the microcrystals to precipitate selectively on this collection net 
In such a case, it is another preferred embodiment that the ceiling is fomied in a dome-like shape whereby inverting the 
convection flow near the celling smoothly. The material for this collection net is preferably platinum (Pt) similarly to the 
baffle plate and the crystal seed holding wire. 

[0034] As a growth chamber, a design involving the growth chamber cylinder sealed for example with platinum (Pt) 
45 lining as described above which is to be placed for example in an autoclave can be ^ployed, whereby preventing 
migration of Impurities Into the system completely* In such a case, it is preferable to charge the pressurizing medium irt 
an appropriate amount so that the pressure between the platinum {Pt) lining and the autoclave becomes similar to that 
inside of the linmg. While the size of the autoclave is no limited particularly, a medium-sized one whose inner diameter 
Is ^200 and whose height Is 3000 mm allows an about 2 inch-sized zinc oxide (ZnO) single crystal to be obtained readily. 
50 The pressurizing medium may be one pooriy coirosive at high temperature under high pressure, and is preferably distilled 
water. While such a pressurizing medium exerts a pressure at a given growth tennperature depending on the filling ratio 
. based on the capacity remaining when placing the growth chamber in the autoclave (hereinafter referred to as a "free 
capacity"), this pressure is adjusted to a level equal to or slightly higher than the pressure inside of the growth chamber 
by adjusting the filling ratio of the pressurizing medium, whereby functioning to protect the growth chamber. In the case 
ss of the solvent and the solvent temperature described above, if distilled water is employed as a pressurizing medium, 
the filling ratio is preferably about 60 to 90%, bas^ on the free capacity of the autoclave, 

[0035] It is also preferable to provide a pressure controlling part by any means capable of adjusting the difference in 
the pressure between the inside of the growth chamber and the inside of the autoclave described above at a high 
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temperature under a high pressure during the crystal growth. Such a pressure controlling part may for example an 
expandable and contiBCtibie bellows mounted In such a manner that the inside of the growth chamber Is sealed. 
[00361 "The growth of an inventive ZnO single crystal can be accomplished for example by placing the autoclave 
described above In a furnace, increasing the temperature of the growth c^^ber described above whereby heading the 
5 crystal growth part and the raw material charge part descnbed above at predetermined temperatures. The alkaline 
solvent is infused in an amount of about 60 to 90% based on the free capacity, i.e., the volume remaining after placing 
the ZnO sintered form, the baffle plate and the like in the chamber. The growth is conducted preferably in a supercritical 
Stat© at a high temperature under a high pressure (usually 300 to 400^0, 500 to 1000 atm). 

[0037] By adjusting here the temperature of the crystal growth part at a tempei^ture lower by about 15 to SO^'C than 
fo that of the raw material charge part, the convection occurs and the raw material dissolving at the dissolution region goes 
up to the growth part where it precipitates to aflow the crystal to grow on the crystal seed. A too small difference here 
in the temperature between the dissolution region and the growth region results in an extremely tow growth rate, while 
an excessive difference m the temperature results in an increased frequency of defects such as needles. 
[0038] For the details of the crystal growth part and the raw material charge part with regard to the growth temperature, 
15 it is preferable to set the crystal growth part at 300 to 360*C and the raw material charge part at 340 to 400^C. Under 
this condition, the operation Is continued constantly for 30 to 200 days to allow the crystal to grow, and thereafter the 
heating furnace is switched off to allow to room temperature, at which the ZnO single crystal Is taken out. The resultant 
bulk of the single crystal can be washed with hydrochloric acid (HCf), nitrk: add {HNO3) and the like. 
[0039] An inventive zinc oxide (ZnO) produced by the method described above is as large In size as 5 cm in major 
^ diameter which can not achieved by the prior art. While there is no particular upper limit of such a size, one whose major 
diameter is about 15 cm Is considered usually to be produced. The concentration of the metals other than zinc in such 
a ZnO single crystal of the mvention fulfills the following equation: 



[-cM]/ [ + CM] S 3 

wherein M Is a metal other than zinc, [-cM] is a concentration of M in a -c region In the zinc oxide crystal, and [+cM] is 
a concentration of M in a -hc region in the zinc oxide crystal. 
30 [0040] In a preferred embodiment of the invention, the range of [-cM]/[+cM] is 5 or more, more preferably 1 0 or more, 
particul^ly 20 or more. When itie [^-cM] value becomes small, [~cM]/[-kj!VI] value becomes extremely large, the upper 
limit of the latter Is usually ^out 1 00. 

[0041] A metal component in a crystal can usually be measured by ICP-MS or GDMS. 

[0042] The non-patent reference 1 descnbed above taught that m a ZnO crystal lithium (Li) In an alkaline solvent used 
35 in a hydrothermal synthesis is contained in a larger amount In a -c region than in a -f-c region, because in the crystal 
structure of the ZnO the -c region contains a larger number of defects than the +c region and tends to adsorio and 
incorporates Impurities. However, since a condition of a hydrothemnai synthesis of a ZnO single crystal reported con- 
ventionally allows the metals other than zmc migrating mto the orystai during the growth to be present at a level as high 
as several tens ppm, the unevenness of the metal distribution between the c region and the 4-c region obsen/ed in an 
^0 inventive ZnO single crystal represented by the equation shown above was not Identified. On the other hand, a ZnO 
single crystal of the invention avoids the migration of the impurities as far as possible whi^e specifying the crystal growth 
condition precisely, resulting in a stable distribution of the trace metal components other than zinc. 
[0043] Based on the ability of stabilizing the distribution of the trace metal components by the crystal growth process, 
a method using a raw material containing thetrace metal components or a method comprising immersing a grown single 
45 crystal in a solution of the trace met^ components followed by effecting a dEffusion at a high temperature to accomplish 
a doping may be employed to obtaining a composition having desred trace metal components. 

[0044] In an inventive ZnO single crystal, the relationship shown in the equation shown above becomes evident 
especially when limiting the metal other than zinc in the single crystal to divalent and/or trivalent metals. While the divalent 
ortrivaient metai Is not limited partbulariy, it is usually iron (Fe) or aluminum (Al) which ispresentmainly in aZnOsingie 
50 crystal of the Invention as a component other than zinc. 

[0045] A metal contained In a ZnO single crystai is present at a level usually of 3 to 1 00 ppm, preferably 6 to 1 00 ppm, 
more preferably 10 to 100 ppm In a -c region in the case of Iron (Fe), Simiiariy, the level in a -k: region is usually 0.01 
to 1.0 ppm, preferably 0.01 to 0.5 ppm, more preferably 0,01 to 0.3 ppm, 

[0046] in the case of aluminum (Al), the level In a -c region is usually 1 .5 to 1 0,0 ppm, preferably 2 to 1 0 ppm, more 
55 preferably 2,5 to 1 0 ppm. Similarly, the level in a 4-c region is usually 0,01 to 0,5 ppm, preferably 0.01 to 0.25 ppm, more 
preferably 0.01 to 0.1 ppm. 

[0047] Also in a crystal growth by a hydrothennal growth, the contamination with lithium (LI) and potassium (K) cannot 
be avoided usually since LiOH and KOH are emp^oyed usually as mineraiizers. They exhibit less significant unevenness 
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in the level between a -c region and a h-c region, and lithium (Li) is present usually at 0.1 to 30 ppnn in each region. 
Potassium (K) is present usually at 0.01 to 0.3 ppm in each region, 

{p048] When dividing an inventive ZnO single crystal by a crystal seed In the direction of a c axis into a region and 
a -c region, the growth mechanism Is different between the regions, resulting in a green-colored appearance at a first 
$ sight However, such an appearance Is due to the coloration In -c and +p regions in the crystaf growth regions shown 
in Fig. 2, and the transparency of the -i-c and m regions Is high. 

[0049] Accordingly, a ZnO single crystal of the invention, when cut out as the -i-c region with the crystal seed being 
tiie center, exhibits a high transparency, which allows It to be ennployed usefully as an optical material On the contrary, 
the coloration in the -c region may be due to the contamination with iron (Fe) and oxygen defldency acconnpanied 
10 therewith, 

[0050] A ZnO single crystaf of the invention is unique consequently also in terms usually of fts infrared absorption 
characteristics. Thus, a crystal in the +c region having a low carrier concentration exhibits almost no absorption in the 
infrared range, and the transmittance at 8000 to 1500 (/cm) is usually 80% or higher, especiaily 85% or higher. On the 

other hand, a crystal in the -c region having a high carrier concentration exhibits a high absorption starting at about 1600 
15 (/cm) wh^ch is in an infrared short wavelength range, and a substantial difference is observed also in the infrared range 
between the -i-c region and the »c region. 

[0051] A ZnO single crystal of the invention is unique also in terms of its electric characteristics. Its electric resistance 
varies greatly depending on the growth region, and is about lO^/d-cm in the -k; region and 10""'/Q.cm in the -c region. 

Assumed from the Impurity distribution, U migrating as an Impurity into the -t-c region serves as an acceptor to impart a 
20 substrate with a high resistance. When compared with the 4-c region, the -c region receives a larger amount of impurities 
such as A! and Fe, which give a higher density of oxygen defects and serve as donors together with their complexes, 
possibly resulting in a reduced resistance. 

[0052] The carrier of a zinc oxide (ZnO) of the invention has a density usually of 5.0 x 1 0^^ to 1 .0 x 1 0''^ (/cm), and 

10"^^ to iC^ (/cm) especially in the -hc region, and 1 0"^^ to 10^^ (/cm) in the -c region. Its mobility {the rate of movement) 
25 is usually 120 to 4000 (cm^/V-sec). Such carrier density and mobility are usually at similar degrees between the -f- region 
and the - region. 

EXAMPLES 

30 [0053] The invention will be explained below in more detail by reference to examples, but the invention should not be 
construed as being limited to the following examples. 

[0054] Using a single crystal growth apparatus having a structure shown in Fig. 1, a ZnO single crystal was grown. 
The single crystal growth apparatus 1 1 shown In Fig. 1 comprises an autoclave 12 which can Impart Its inside with a 

temperature and a pressure required for growing the ZnO single crystal and a growth chamber 20 housed in the autoclave 

35 12. The autociave 12 has a structure that, for example, a chamber body 13 of the autoclave 12 formed from a high 
tension steel containing iron as a main component, is covered via a packing 17 with a lid 14 whose frxation is ensured 
with a fixing part 15, thereby to airtightHnclude the inside thereof. A growth chamber 20 used as being housed in the 
autoclave 12 is made of platinum (Pt) and has a shape approximating a cylinder. On the top, a bellows 30 sending as a 
pressure controlling part is fixed while sealing the inside of the grov^rth chamber 20. 

40 [0055] In such a single crystal growth apparatus 1 1 , a frame 21 and a platinum lead 22 are provided beneath the top 
of the growth chamber 20 to suspend a ZnO crystal seed 3, under which a raw material 26 is provided to allow the crystal 
seed 3 to grow, whereby effecting the growth of the ZnO single crystal. Between the ZnO crystal seed 3 and the raw 
material 26, an internal baffle plate 24 is provided for controlling the themnai convection, and this internal baffle plate 24 
serves to partition the inside of the growth chamber 20 into a dissoiution region and the growth region. The internal baffle 

46 plate 24 has a plural of pores, the number of which detemnines the opening area of the baffle plate 24, which is set at 
10% here, although said opening area can be set as desired for controlling the convection level from the dissolution 
region to the growth region whereby exerting an effect on the crystal growth rate. Outside of the growth chamber 20, an 
external baffle piate 25 is provided, and this external baffle plate 25 serves to control the convection outside of the growth 
chamber 20, whereby ensuring the difference In the temperature required for the grcwlti of the crystal seed 3 between 

50 the regions in the growth chamber. 

[0056] Us'mg the single crystal growth apparatus 1 1 described above, a hydrothemnai synthesis can be conducted to 
grow a ZnO single crystal from a crystal seed. With almost no contamination with impurities in the growth chamber 20, 
aZnO single crystal having a diameter utilizable industrially can be grown by selecting the number of days for the growth 
appropriately depending on the application. 

55 [0057] A ZnO powder whose puHty was 99.9999% was compacted in the molding container, and then sintered at 
1100*^0 for 24 hours to obtafn a solid; which was placed in the growth chamber 20. Then, a purified water containing 1 
moi/[ of LiOH and 3 mol/l of KOH dissolved therein was infused as a mineralizer in a volume of 80% of the free capacity, 
and then 0.O5 mol/1 of H2O2 was further infused. Thereafter, the growth chamber 20 was fused with the bellows, whereby 
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imparting a complete seal with the Inside of the growth chamber. For the thermal conductivity between the autoclave 
12((t>200 X 300 mm) and the growth chamber 20, a purified water in a volume of 80% of the free capacity was charged. 
The autodave 12 comprises a chamber body 13 and a M 14, and the chamber body 13 and the lid 14 were engaged 
with each other while being fixed tightly by a fixation part 15 while sandwiching the packing 1 7 to make the inside air-tight. 
[0058] Thereafter, a heater 16 was operated to heat the dissolution region and the growth region. Upon heating, the 
temperature of the dissolution region was kept at a temperature higher by 15 to BO^C than the temperature of the growth 
region, and the heating was effected to obtain the final temperatures of about 360*C in the dissolution region and about 
3W^C in the growth region. The raw material dissolved in the dissolution region went up by the convection, and then 
precipitated neartiie crystal seed 3 in the growth region, whereby allowing the crystal seed to grow to yield a ZnO single 
crystal. In this state, the operation was continued constantly for 60 days to allow the crystal to grow at a rate of about 
0.2 mm/day each in the direction of the c axis and the a axis, and thereafter the inside of the system was allowed to 
return to room temperature and atmospheric pressure, at which point the ZnO single crystal whose major diameter was 
about 5 cm was taken out. 

[0059] The appearance of the zinc oxide single crystal thus obtained Is shown in Fig. 2. As a seed, a c plate (a thin 
pfate of ZnO at a right angle to the o axis) was employed. Rg. 3 shows a sectional view when being cut at the center at 
a right angle to the c axis of the zinc oxtde singie crystal, together with the designations of the growth regions. 
[0060] The ZnO single crystal thus obtained was analyzed by the procedure described below. The surface of each 
sample obtained by slblng the ZnO single crystal at a right angle to the c axis at an Interval of 1 mm was washed with 
a dilute nitric acid and the distilled water prior to dissolution using nitric acid and hydrochloric acid. The solution thus 
obtained was quantified by a standard addition method using an IGP-QMS (Yokogawa Analytical Systems tnc, Model 
HP4500). The metal levels thus measured on each surface (No.-3 to No. +4) at a right angle to the c axis are shown in 
Table 1 (where the data are in ppm). Here the data are of 4 metals at high levels. Acconjing to these results, the metal 
components exhibited uneven existence between the -t-c region and the -c region, which was evident especially in the 
cases of Fe and Al. 

£0061] When a ZnO single crystal was produced using a structure having the chamber body 13 and the lid 1 4 covering 
the chamber body via the packing 1 7 just with the aid of the fixation point 1 5 instead of using tiie bellows 30 serving for 
a air-tight structure as described above, the incorporation of the trace metal components which were migrated readily 
as impurities could not be avoided, resulting in each slice containing Al in an amount of about 20 ppm, and Fe in an 
amount of about 1 000 ppm. The distribution of the concentrations of the metal components showed no mari<ed difference 
between slices. 



Table 1 





Fe 


Al 


Li 


K 


No-3 


5.4 


1,9 


0.47 


0.17 


; N0"2 


6.0 


2.1 


3.5 


0.04 


No-1 


11.0 


2.4 


12.0 


0.06 


No+1 


0.43 


0,11 


6.6 


0,09 


No-h2 i 


0.48 


0.33 


6.1 


0.17 


Mo+3 


0.22 


0.09 


1.5 


0.23 


No+4 


0.55 


0,30 


5.7 


0,09 



[0(^2] As an electric property, a hole property in a + region at each temperature (shovm as an Inverse number of 
temperature T) is shown In Table 2. it indicates that a high carrier concentration (unit Is Vcm^") and a high mobility (unit 
is "cm^A/'Sec") were obtained even at room temperature. 

[0063] Furthenrtore, as an optical property of the crystal, the infrared spectrum property in the -i-c region and the -c 
region were measured and the results are shown in Fig. 4. Based on these findings, there was almost no infrared 
absorption m the +c region, while there was a substeitial infrared absorption in the -c region. 



Table 2 



1/T(Kx 103) 


Mobility 


Carrier density 


3.41 


205 


2.20E'i^17 


4.29 


240 


2.60E4^17 
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Table continued 



lyr (K X 10^) 


Mobility 


Carrier density 


5.18 


320 


1.60E+17 


5.78 


390 


1.20E+17 


6.63 


340 


1.20E+17 


8.84 


340 


6.80E^-18 


10.74 


410 





[0064] While the invention has been described in detail and with reference to specific embodiments thereof, it will be 
apparent to one skilled in the art that various changes and modif^cat'ons can be made therein without departJng from 

the spirit and scope thereof. 

[0065] This application is based on a Japanese patent application filed on April 3, 2003 (Application No. 2003-1 00861 ), 
the contents thereof being herein incorporated by reference. 

INDUSTRJAL APPLICABILITY 

[00663 According to the invention, a high quality zinc oxide (ZnO) single crystal having an excellent electroconductivity 
can be provided. 

Clainns 

1. A zinc oxide single crystal whose concentration of metals otherthan zinc in the crystal f ulfilis the following equation: 



[""CM]/t + cM] ^ 3 

wherein M is a metal otherthan zinc, [-cM] is a concentration of M in a -c region in the zinc oxide crystal, and [+cM] 
Is a concentration of M in a +c region in the zinc oxide crystal. 

2. The zinc oxide single crystal according to claim 1 , wherein the metal (M) otherthan zinc is a divalent metal ortrlvalent 
metai. 

3. The zinc oxide single crystal according to claim 2, wherein the divalent metaf or the trivalent metal is iron (Fe) or 
aluminum (Al). 

4- The zinc oxide (ZnO) single crystal according to claim 3, wherein the concentration [-cFe] of iron (Fe) in a -c region 
in the zinc oxide single crystal is 3 to 100 ppm while the concentration [+cFe] of iron (Fe) in a 4-c regron is 0.01 to 
1 .0 ppm. 

5. The zinc oxide (ZnO) single crystal according to claim 3, wherein the concentration [-cAl] of aluminum (AI) in a -c 
region in the zinc oxide single crystal is 1 .5 to 1 0 ppm while the concentration [+cAI] of aluminum (Al) in a +<; region 
is 0.01 to 0.5 ppm. 

6. The zinc oxide single crystal according to any of claims 1 to 5, wherein the mobility is 1 20 to 4000 (cm^A/f-sec). 

7. The zinc oxide single crystal according to any of claims 1 to 6, wherein the earner concentration is 5.0 x IC'^ to 
1.0 X 10ifi{/cm3). 

8. The zinc oxide single crystal according to any of da'tms 1 to 1, v^ereln the longer diameter is 6 cm or more. 

9. The zinc oxide single crystal according to any of claims 1 to 8, wherem the Infrared transmittance at 8000 to 1500 
(/cm) In a +c region Is 80% or more. 
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10. The zinc oxide single crystal according to any of cfaims 1 to 7, which is produced by a hydrothemnal synthesis. 
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Fig. 1 
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Fig. 4 
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